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Summary 



A flowmeter designed to directly measure mass flow 
as a function of the pressure difference across a rotating 
cylinder in a fluid stream was investigated* Calibration 
curves for the meter indicate an accuracy of measurement 
of two per cent. The useful range of the meter was found 
to be limited by the ratio of the cylinder tangential 
speed to the free stream velocity. 
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IHv'EoTIGATH U AND CALIBRATION OF A 



DIRECT P.KM)IN() FLUID FLOu'-TCTSH 
I. INTRO DU CTIQN 

A meter which would directly indicate the mass 
rote of fluid flow in a duct would hove many engineering 
applications. The present standard flownetering devices 
(the venturi meter, noaale, and orifice) reouire tho 
measure aent of three stream properties and the computa- 
tion of the mass rate of flow by use of an enuation and 

4 

various calibration coefficients* The problem of the 
metering of a fluid would, therefore, be greatly simpli- 
fied if an indication of mass rate of fluid flow could be 
obtained from a direct reading instrument. Such a device 
would be of use in the control of fuel-air ratios under 
conditions of varying density as experienced in altitude 
operations of aircraft and missiles. In measuring the 
mass flow rate of gases of varying density or of unknown 
composition such a meter night be employed. 

The purpose of this thesis is, then, the investi- 
gation, calibration, and analysis of such a direct read- 
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ing flowmeter. 

The flowmeter upon vjhich this report is based vraa 
desired and constructed by Tennant and Turner and 
reported upon in their thesis * at the Massachusetts 
Institute of Technology in 1950, The original equipment 
has boon Modified by the present authors and this report 
includes results obtained from tho operation of the 
modified apparatus and analysis of these results* 

The flot'Hnetor discussed in this report consists 
essentially of a square duct within which a cylinder ro- 
tates in a countor-clockvrise direction about an axis per- 
pendicular to the direction of flow as shown in Fig. 1. 
There is, conseouently, a speeding up of the flov; in the 
duct below the cylinder and a retardation of velocity 
above the cylinder. This difference in velocity rosults 
in a difference in static pressure at the walls of the 
duct directly above and below the rotating cylinder. 

The magnitude of this pressure difference is directly 
related to the mass flow in tho duct as vrill be further 
discussed in Chapter II. 

The principle upon which this device is based, that 
of a rotating object in a fluid stream, v/as originally 



* Numbered superscripts refer to the Bibliography, p. 
40 and 41. 
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discussed by Magnus 2 in 1351 in connection with the 
flight of projectiles and for this reason is generally 
known as the "kagnus affect*. The problem was also 

further discussed by Lord Rayleigh ^ in 1377 and by 

<; ) 
Lafay J in Paris in 1912. In the early 1020' s the 

rotating cylinder was considered by many aerodynami cists 

as a more promising lifting device than the presently 

i 

accented and proven Joukowski airfoil. This outlook x-ras 
based primarily on the potential flow analysis of the 
problem which theoretically predicts a lift coefficient 
for a rotating cylinder of 4 TT which is considerably 
higher than that obtained from airfoils of the Joukowski 
type. An explanation of this analysis is given by Gold- 
stein l * • 

Extensive experimentation was carried out at the 
German laboratories at Gottingen under the direction of 
Prandtl , Flow pictures obtained by Prandtl are 

shown in Fig. 17 and are discussed in detail in later 
pages of this rerort. 

The promising results obtained at Gottingen led 
Flettner to apply the principle of the ^Magnus E.ffect* 
to ship propulsion; replacing the sails with two 45 ft. 
high, 9 ft. in diameter, rotating cylinders. The 
Flettner rotor ship marie several semi-successful runs; 



4 



however, the auestion of the practicability of such a 
raoae of propulsion was a source of much controversy. Two 
papers by Betz and Ahlborn ^ discuss the pros anf ! 
cons of the Flettner rotor 3hip. 

Concurrent v/ith the Gottingen experimentation, 
considerable research concerning the rotating cylinder 

Z rj M 

in a real fluid was carried out by Thom *'* in England, 
'ith the failure of the Flettner rotor ship to 
fulfill the expectations of its designers, a con- 
seouent lack of interest in the rotating cylinder as a 
lifting device resulted. In 1925 Reid ^ of the HACA 
described experiments xvith a rotating cylinder in an 
airstrear, which confirmed much of the data obtained by 
other investigators. 

To date the practical applications of the lifting 
force obtained from the M Magnus Effect" have been largely 
unsuccessful. Perhaps the information presented in this 
report will result in a practical employment of this 
long known and much studied phenomenon. 
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II. THEORETICAL ANALYSIS 

2.1 Introduction . The development of the theoretical 
flowmeter equation contained in this chapter follows 
substantially the original derivation as set forth by 
Tennant and Turner This treatment is included in 
this report, however, both for completeness and for 
correction of n few minor errors, notably an error in 
the calculation of the numerical constant in the 
theoretical flowmeter equation of the original thesis. 
The method followed in the derivation is essentially an 
extension and combination of two analyses as reported 
by Durand 

The meter is basically as shovm in Fig. 1. By 
measuring the pressure difference betx-reen points 
A and B v/hen the cylinder is rotating at *a knovm 
constant speed it is proposed to measure the mass rate 
of flow through the apparatus. For realization of such 
a meter there must exist a relation of the form 



Ma. =ca/7St. x AP 



(i) 



where Ma. denotes the mass rate of flow. Expressing Ma, 
as the product of , density; A, area; and V, velocity 

we obtain V = COftSt. X AP 
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which, with a known constant neter geometry, may be 
expressed as 

A/ c> = const xJ’V \ < 2 > 

Thus it remains to demonstrate the existence of relation 
(2) and to obtain a numerical value for the constant of 
relation (1). 

For the accomplishment of the above aims several 
simplifications of the actual flow are assumed: 

a. The flow is tv/o dimensional. 

b. The flow is irrotational. 

c. The fluid is a non- viscous, incompressible, 
ideal fluid. 

d. The rotating cylinder imparts to the fluid a 
circulation r. equal to 27T tines the 
product of the radius, R, of the cylinder, 
and the peripheral speed, U, of the cylinder. 

The above assumptions, combined with the require- 
ment that the flow be continuous, make possible the 
employment of the theory of potential flow for synthesis 
of the flow pattern within the meter. Having an express- 
ion which describes the flow in the meter, it is then 
possible to find the velocities at points A and B. U'ith 



7 



those velocities known, the Bernoulli equation is applied 
between the txro points resulting in an expression relating 
the difference in pressure between A and B to the 3 trean 
velocity and density. 

2.2 Method of Analysis . The potential flow pattern 
about a stationary cylinder in a fluid stream is produced 
by combination of a source-sink doublet and parallel flow 
(Fig. 2a). If a potential vortex, the core of which is the 
cylinder (Fig. 2b), is added to this picture, the flow 
pattern for a rotating cylinder in an unrestrained fluid 
stream is the result (Fig. 2c). In the actual meter the 
flow is restrained by the walls of the meter duct* The 
effect of the walls upon the flox; pattern is simulated by 
the method of images originally devised by Glauert • The 
wall correction is applied separately to the flow patterns 
of the stationary cylinder (Fig. 3a) and the potential 
vortex (Fig. 3b). The superposition of these two correct- 
ed patterns is then the true potential flow pattern for 
the meter. 

2.3 The Stationary Cylinder and Its Images . Consider 
the complex s plane with x and iy axes as shown in Fig. 

3a. The complex variable z - x -+- iy describes any point 
in this ^VLane. The stationary cylinder is located with 



center at the origin. The effects of the duct walls on 
the flow are simulated by an infinite series of cylinder 
images extending in both positive and negative direct- 
ions. Centers of the image cylinders are located on the 
iy axis at iy - - ink where n is a positive integer 
and k is the duct height. 

The potential function F - ft-fFft completely 
describes any potential flow. (£> , the velocity poten- 
tial, ft , the stream function, and F are functions of 
the complex variable z. The potential function for the 
flow about a stationary cylinder in a parallel stream 
of velocity V is * 

F = Vz + -§- 

* 

where C is a constant. This function describes the flow 
at any point z in the complex plane due to the obstruct- 
ing cylinder at the origin. Similarly 








c 

z -UnA : 



♦ Hildebrand, Ref. 13, p. 547, Eq. 174* 
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describes the flow at any point z due to a cylinder 
image at iy - ~h ink and 

F = Vz + H ttw 

describes the flow at z due to a cylinder image at 

iy = — ink. The potential function for the collectivity 

of images and real cylinder is then 

F= Vz + 'ZXz-.cnK. + 1 



Making the substitution 

~~fir anc * 



simplifying: 



F- l/z +C, 





The ou.-’i of which, by f ittag-Leff ler' s theorem «■, is 



7TZ 



F ~ Vz +C, coth. 



(5) 






Jeffreys and Jeffreys, Ref. ll ri p. 357, Bo. £ 
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The stream velocity w at z is eriven by the 
derivative M — at that point 

dZ 



IV - 



dF 
d Z. 





sFJF Tji 

K 



( 6 ) 



To evaluate , consider the physical condition 

that the velocit}' is zero at the points on the x axis 
vrhere z = — R, R being the radius of the cylinder. 

Then 




. /Cl/ 

' 7 T 



s/nh* 



The velocity at any noint z is then 




Sttih 

S/nh 



2 . 7 rR 
~7T~ 
2 7TZ 

K 




( 7 ) 



At the walls iroctly above and bnlovr the cylinder where 
£ = — . X. , the velocity is 
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w -[/{/- 



Smt? ± -c-jr- , 



which reduces 



w = 



I ,(,+ s, n h‘z£) 



(6) 



which is the velocity at points A and B on the walls, 
directly above and below the cylinder, due to the 
obstruction to the flow by the cylinder. To this must be 
added the velocity due to the rotation of the cylinder. 



2.4 The Vortex and Vortex Images . Again consider the 
cornolex alone as shovm in Fig. 3b. The circulation 
supplied to the fluid by the rotation of the cylinder is 
represented by a potential vortex at the origin, the 
core of which is the cylinder. The effect of the duct 
walls is simulated by an infinite series of vortex images 
located on the iy axis with centers at iy - — ink. To 
give the correct velocity distribution transverse to the 
flow direction, alternate vortices are given opposite 
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rotations; therefore, there is a distance 2k between 
vortices of the sane circulation. 

The potential function at any point z for a vortex 
located at the origin is # 

- --if * -jfe '» * 



where r. the circulation, is positive in the counter- 
clockwise direction. 

It will be mathematically convenient if we sun. 
velocity expressions, therefore, taking the derivative 



w = 



cl H 



= r _/ 

Z7T>c Z 



do) 



which is the velocity at any point z due to a vortex of 
strengt’- r located at the orinin. 

Tho velocity at any point z due to a vortex of 
sane direction of rotation located at iy - ~h in2k in 

r / 

W ~ ZTU E -<chaK 

v Hildebrand, Ref. 13 » p. 545 » Rq. 172. 
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The velocity at any point s due to a vortex of 
sarae rotation at iy •= -in2k is 

4 w _ r / 

u/_ JWZ z +±mk. 



The sum of the velocities at 7, due to tbe real 
vortex and a positive and negative infinite series of 
vortices of the same direction of rotation is 




The sun of v;hicb by Hittag-Leffler* s theorem * is 



coth 



7r z? 
a k 



( 12 ) 



* Jeffreys and Jeffreys, Ref. I/*, p. 357, Ro. 



14 



Rewriting in terras 



or r 



\ 



w- 



r 



Coth 



7TE 

2. K 



( 13 ) 



which is the velocity at any point s due to the real 
vortex and the infinite series of images of same direct- 
ion of rotation. 

To this aust be added the velocity due to the 
images of opposite rotation. 

The velocity at a due to a vortex of opposite 
rotation at iy = +x.(zn - is 



w= 



-r 

zrr z 



/ 

z- Z(zn-/)K 



The velocity at s due to a vortex of opposite 
rotation at iy - /J/( is 



UVr 



-r 

arra 



/ 



The 3un of the velocities at z due to the posit- 
ive and negative infinite series of vortices of opposite 
rotation is 
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lA/ = 



-r 

iBTTx. 




/ 



+ 



/ 



Z~x.(an-/)/< Z+i(2h-i)K 



(u) 



.’'aking the substitution 



r-./piK, 



and simplifying: 




The sun of which, again by liittag-Leffler 1 s theorem *, is 




tan/tfi | 



Rewriting in terns of 




(15) 



w= 



-r 

4KZ 



tank 



7TZ 

ZK 



(16) 



which is the velocity at z rue to the infinite serins of 
vortices of oprositc rotation* 

Combining eouations (13) and (16) the total ve- 



* Jeffreys and Jeffreys, Ref. 14, p. 357, Ro» 11 
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locity at any point z due to the real vortex and all its 
images is 




7TE 

2.K 




( 17 ) 



which can be simplified to 




(16) 



At point A on the wall directly above the cylinder 

-? , • K 

zt s -tsL and the velocity due to the vortox and wall 
effect upon the vortex is 



r 






2K 



( 19 ) 



Similarly at point B the velocity is 






r_ 

ZK 



( 20 ) 



To these velocities must be added the velocity due 
to the stationary cylinder and its images. Combining 
equations (6) and (19) and replacing by^/Wwe 



17 . 



obtain for the total velocity at A; 

H = V^+S/nh 2 ^) - - 2 £. u 

Combining equations (tf) and (20) and similarly 
replacing we obtain for the total velocity at B: 



\M 



B 



= V(/+sihk*^£}+ 



K 



TTR 

K 



U 



( 22 ) 



2.5 Theoretical Flowmeter Equation . With the velocities 
at points A and B known, wo apply the Bernoulli eouation 
between points A and B. 

which results in 

ir uv( * smh‘ -%*-} 

Equation (24) with a constant speed of cylinder rotation 
is of the form 

AP = const. xf>V (2) 



(23) 



(24) 
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which establishes the theoretical basis for the flowmeter. 

Combining equation (24) with the usual equation 
for mass flow and substituting the dimensions of the 
meter we arrive at the theoretical flowmeter equation 



Md - . /S~£~ x /o* 



Z\F> 

/V 



(25) 



in which H a is in lbm/sec, AP is in inches of water, 
and N is the revolutions per minute of the cylinder. 



19 . 



111. iv U I PfcfiNT AND PROCEDURE 



The flowmeter investigated consisted of an alurci- 
nuir. cylinder four inches in diameter mounted in an eight 
inch square duct as sho\-m schematically in Fig. 1. 

Annular aluminum end plates were inserted in the sides 
of the duct walls to house the ends of the cylinder. This 
arrangement of end plates vjas provided to eliminate the 
flow of air around the ends of the cylinder; thus simu- 
lating tv/o dimensional flow. The shaft ends of the cylin- 
der were fitted into New Departure, S.K.F. No. 2, self- 
aligning ball bearings. In order to assure accurate 
alignment of the cylinder within the duct walls, the 
races of the ball bearings were housed in four inch 
square, 1/4 inch thipk, aluminum plates that were attach- 
ed to the duct Trails. The photograph in Fig. 4 shov/s the 
details of the cylinder mounting in a cut away view of 
the test section. Since sealed ball bearings were not 
used, some leakage of air was expected around the cylin- 
der shaft. During the test rims, however, the pressure 
in the test section vns held as closely as possible to 
atmospheric in order to minimize leakage. 

The cylinder shaft was extended through the test 
section wall on the power input side, and coupled to the 
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power drive by means of a flexible coupling. The photo- 
graph in Fig. 5 shows the details of the power drive 
installation. 

A standard Duinore No. 5» 1/2 h.p. grinding motor 
was used to rotate the cylinder. The quill of the grind- 
ing :.iotor was coupled to the cylinder shaft as shown in 
Fig. 5. The Duinore No. 5 grinding motor was chosen to 
drive the cylinder because it afforded a suitable range 
of rotational speeds (up to 14,000 RPM for the equipment 
used) for testing purposes. Since accurate alignment of 
the driving motor quill with the cylinder shaft was 
necessary in order to eliminate vibration problems, the 
motor was mounted on a bracket that afforded easy adjust- 
ment for alignment purposes. The motor mounting bracket 
permitted adjustment in two directions at right angles to 
each other in the horizontal plane. A vertical adjustment 
on the driving motor permitted alignment in the vertical 
direction. Positive control of the RPM of the motor was 
obtained by controlling the voltage input to the motor 
with a Variac. The RPM of the cylinder wa3 measured with 
a Strobotac. 

Air for the flowmeter was supplied in a closed 
circuit system by the DeLaval Air Compressor of the 
M.I.T. Gas Turbine Laboratory. This compressor is normally 
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used for the Gas Turbine Laboratory variable density 
wind tunnel and is rated at 15,500 ft* /min*. Supply and 
return of air to the flowmeter was afforded by 'neons of 
a ten and one-fourth inch spirally welded pipo. A plan 
view of the layout is 3hown in Fig. 6, and a photograph 
of the installation is shown in Fig. 7. 

In conducting the tests it was found to be more 
practicable to run the cylinder at a constant RPK, and 
to vary the air flow. Seven different RPMs were selected 
for making the test runs: 3 , 300 ; 4,350; 6,400; 8,700; 
10,000; 12,000; and 14,000. The selection of these RPMs 
was arbitrary; they were chosen to illustrate the effect 
of RUn on flow measure lent for this type of flowmeter. 

The derendence of the flowmeter on the ratio of cylinder 
tangential speed to free stream velocity for accurate 
flow measurement is discussed in Chapter IV. 

Calibration of the flowmeter was effected by use 
of a standard ASKE square edged orifice which was placed 
in the flow circuit as shown in Fig. 6. The diameter 
ratio of this orifice was 0.6. Calibration curves for the 
orifice are shown in Appendix II. The pressure difference 
across the orifice was measiired with a water manometer at 
low air flows with a means provided for switching to a 
mercury manometer at high air flows. 
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Screens and brass flow-straightening tubes of two 
inch outside diameter were placed in the flow circuit at 
two places (see Fig. 6) so that parallel flow conditions 
would be raoro closely approximated upstream of the flow- 
meter and the orifice. 

The mass flow of air was varied from approximately 
0.6 lb. /sec. to 6 lb. /sec. for each test run. For the 
equipment used, this mass flov; of air corresponds to free 
stream velocities varying from approximately 20 ft. /sec. 
to 190 ft. /sec.. The highest free stream velocity corres- 
ponds to a idach Number of approximately .17* It is assumed, 
therefore, that compressibility effects were negligible. 

The flow Reynolds Number (based on the diameter of the 
orifice) varied from .14 x 10^ to 1.2 x 10^ for the range 
of free stream velocities used for these tests. 

Two different locations of the static pressure 
taps for measuring the pressure difference across t^e 
rotating cylinder of the flowmeter were investigated. 

One location was in the duct walls directly above and 
below the center of the cylinder as shown schematically 
in Fig. 1 as points A and B. The authors were guided in 
their assumption that this was the optimum location * for 



* Betz, Ref. 11, p. 1& 
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the taps since Prandtl reported in his experiments with 
rotating cylinders that theoretical potential flow 
conditions were more closely approximated in this region. 
The pressure taps located in this position are referred 
to in thi3 report a3 t.ho primary pressure taps. The 
second location investigated was at the end of the cylin- 
der with the taps diametrically opposed at the surface 
of the cylinder. The pressure taps located in this posit- 
ion are referred to as the secondary pressure tap 3 . The 
location of these taps is shown schematically in Fig. 1 
at points C and D. 

The pressure difference from the primary taps 
was read on an Ellison Inclined Vertical Draft Gauge 
which was calibrated to read pressure difference directly 
in inches of v/ater. Since the range of this instrument 
extended only to 12 inches of water provisions were made 
for switching to a conventional water manometer when 
larger readings v/ere necessary. A photograph of the 
manometer board used for taking readings is shoxvn in 
Fig. S. 

Fressuro difference from the secondary taps was 
read on a conventional water manometer. 

In order to provide a means for evaluating static 
pressure lo^s across the flowmeter, static pressure taps 
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were installed 12 inches upstream and 12 inches down- 
stream from the rotating cylinder as shown in Fig. 6 • 

The difference in pressure was measured on a convention- 
al water manometer. 

In the test procedure the cylinder was rotated at 
a selected RFM. This RPM wa9 kept as constant as possible 
throughout the run by using a Variac to control as 
necessary the voltage input to the motor. The mass flow 
of air through the system was started at as low a value 
as could be obtained with the test eqxiipment and in- 
creased in selected increments. Simultaneous readings 
of all manometers were taken during each increment of 
air flow \fith sufficient time being allowed between 
readings for steady flow conditions to be established. 

The mass flow for each flow increment was computed from 
the orifice data, and the reading of the flowmeter was 
calibrated with this mass flow. The data taken and 
sample calculations are shown in Appendix I. 



IV. DISCUSSION OF FIU3ULT3 



4.1 Introduction . A graphical analysis of the results 
of the investigation and calibration of the flowmeter is 
given in Figs. 9 through 16. Figs. 9, 10, and 11 present 
curves relating actual mass fluid flow and meter read- 
ings. These curves indicate the true worth of the appa- 
ratus. Figs. 12, 13, and 14 present plot3 involving 
various parameters and non-dimensional quantities. These 
curves are offered in partial explanation of the results 
portrayed in the first group of plots. These curves also 
show the limitations of the meter and offer guidance in 
selecting the meter characteristics for an expected range 
of mass flow. Figs. 15 and 16 present other data obtained 
in the course of this investigation. 

4.2 The Velocity Ratio U/V . The non-dimensional velocity 
ratio U/V is a quantity which figures extensively in 
correlation and explanation of meter dat^. In this ratio, 

U denotes the peripheral velocity of the rotating cylin- 
der, while V denote 3 the free undisturbed stream velocity 
ahead of the meter. That the factor U/V exerts a great 
influence on the flow picture vrithin the meter is demon- 
strated both fro.": potential flow theory and from consider- 
ation of real fluid flow phenomena. The potential flow 
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pattern for a stationary cylinder in parallel flow as 
shown in Fig. 2a is, in effect, the flow pattern for a 
U/V of zero. The flow stagnation points are seen to 
exist exactly at the front and rear of the cylinder. If 
a circulation is added, U/V becomes a positive quantity 
and the stagnation points move along the surface of the 
cylinder closer to the region of decreased velocity as is 
pictured in Fig. 2c, Further increases in circulation, 
that is, further increases in U/V, result in junction of 
the two stagnation points on the underside of the cylin- 
der .and movement of the stagnation point into the fluid. 
The effect of the ratio U/V on the flow pattern of a real 
fluid can be clearly seen in Fig. 17 which is a series of 
flow pictures taken by Prandtl at Gottingen. For values 
of U/V at which the flow picture of the real viscous 
fluid resembles the potential flow pattern, correct in- 
dications by the flowmeter should be expected. ’When, how- 
ever, the viscous effects are such as to cause complete 
disagreement between the actual pattern and the pattern 
of the potential flow, we should expect that our meter 
reading will not be an indication of the actual mass flow. 
Examination of Fig. 17 would lead us to expect no worth- 
while meter indications below a U/V of about one. 

This critical value of U/V cannot be applied di- 
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rectly to our flowmeter, however, due to the difference 
in measurement of the quantity V. The Trandtl pictures 
are of a cylinder rotating in an unrestrained fluid 
stream. The flowmeter stream is considerably restrained 
by the duct walls; consequently, the true 7 is greater 
than the free stream V used in computing the U/V of this 
report. Thon^ gives a method for correction of U/V to 
include duct wall influence; however, the authors doubt 
the validity of the approximations made and have omitted 
any corrections to U/V in this paper. Thus, the actual 
values of U/V computed in this rorort may not be compared 
with values obtained by other investigators, but U/V 
still remains an important parameter for correlation of 
flowmeter data at various cylinder rotational speeds and 
mass flow rates. 

That the ratio U/V is a determining factor in flow- 
meter performance may be deduced in another manner. In 
problems of flow similitude, the Reynolds Number, which 
is the ratio of inertia forces to viscous forces, has 
been theoretically and experimentally shown to be a I con- 
trolling parameter. The flox* in the meter may be consider- 
ed as the superposition of two flows, the parallel flow 
in the duct and the circulatory flow. The Reynolds Number 
for the duct flow may be written as 
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Sl/C 



where is the fluid density, V is the stream velocity, 

is the fluid viscosity, and c is the hydraulic 

\ 

diameter of the duct* The Reynolds Number for the circu- 
latory flow may be vrritten as 



where U is the peripheral velocity of the cylinder and d 
is the cylinder diameter. Thus, for the sane fluid and 
fixed meter geometry, the factor U/V is seen to be a 
ratio of Reynolds Numbers and hence viscous effects 
should be expected to be a function of U/V. 





4*3 Discussion of Figs* 9* 10. and 11 * Figs. 9 , 10, and 

11 are plots of actual mass flow, M<L t versus which 

is the meter reading in inches of water divided by the 

AP . ^4 

cylinder RPJ*. The abscissa is actually * / O to 

enable the use of v/hole number scale divisions in plot- 
ting. The theoretical flowmeter equation derived in 
Chapter II 



Mcl = . /SS x / o 



4 AP 



/V 



(25) 
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is plotted on all three graphs as a dashed straight line. 

Fig. 9 shows the performance of the meter as 
compared with the theoretical prediction for 5 RFMs, the 
highest of which is 10,000 RPM. The useful range for any 
RPM is represented by the nearly straight line portion of 
the curve extending outward from the origin. It can be 
observed that, at low RPMs, this useful range is extreme- 
ly narrow and widens with increasing RPM. The curve for 
10,000 RPM shows a range of useful operation up to a mass 
flow of about 3.9 lbm/sec • 

Fig. 10 is a similar plot which shows the useful 
range of operation for an RPM of 12,000. Three independ- 
ent runs made on different days are plotted on this graph 
to demonstrate the reproducibility of data. The three 
runs may be represented by a mean line up to a mass flow 
of about 4.6. This mass flow corresponds to a 0/7 of 
about 1.6 which will be shown in the discussion of the 
next section to be the critical value of 0/7 below which 
the meter is not accurate. Therefore, divergence of the 
data at this point as occurs on this graph is to be ex- 
pected. Examination of the data for the three runs, for 
mass flows above the critical value of 0/7, shows a 
maximum deviation of 2# from the mean line. 

In Fig. 11 three separate runs at 14,000 RFM are 
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plotted. A maximum deviation of about 2% from the mean 
line is also found at this RB«. 

Both Figs. 10 and 11 show decided depressions in 
the curves between mass flows of 1 and 2 lbm/sec • These 
depressions occur at high values of U/Y of the order of 
6 to 9. It is suspected that in this region a component 
of the flow velocity is directed into one or both of the 
static pressure taps, thus causing a slight irregularity 
in the calibration curves. 

Figs. 9, 10, and 11 are the calibration curves for 
the flowmeter which might be used in actual operation; 
however, it is necessary to examine other plotted re- 
lations for further insight into the meter flow process* 

! 

4. 4 Discussion of Fig. 12 . The velocity ratio U/V is 

zj a. 

plotted versus x Id Fig. 12 for the seven RPMs 

which have been studied. Also plotted is the theoretically 
predicted line for 4,350 RPM. The theoretical curves for 
the other six RFWs have been emitted since they would 
conflict with the curves plotted from the actual data. 

The theoretical curves are a family of hyperbolas all 
similar to the curve for 4,350 RFN. According to the 
theoretical relation derived in Chapter II, is di- 

rectly proportional to Mcu , the mass rate of flow. With 
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a constant fluid density and duct area the velocity V is 
also directly proportional to thp mass flow. For a constant 
RPM, U, the peripheral velocity, is a constant and U/V is 

/ A P 

thus proportional to is proportional to r1°~ ; 

therefore, we are, in effect, plotting a relation of the 
type "x versus l/x n which is, of course, a hyperbola. 

The actual curves are displaced from the theoreti- 
cal curves due to the many simplifications of the flow 
made in the theoretical calculation. The curves for 10,000, 
12,000, and 14,000 RFM very closely conform to the hyper- 
bolic shape which is again an indication of their useful 
range of operation. The significant feature of Fig. 12 
is that the curves for all RPM below 12,000 show a break 
at a U/V of about 1.6. This confirms the suspicion that 
the flow process within the meter is primarily dependent 
upon the value of the velocity ratio. Above the critical 
value of U/V the speed of rotation of the cylinder is 
sufficient to prevent separation of the boundary layer 
fluid from the cylinder and consequent formation of 
vortices. Here, then, the flow pattern still resembles 
the potential flow pattern. At the critical value of U/V 
the rotation of the cylinder is no longer sufficient to 
prevent boundary layer separation in the rear of the 
cylinder and consequently the flow picture is no longer 
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similar to that predicted by potential flow. Probably in 
this region of operation the static pressure taps at "A" 
and "B" no longer measure only static pressure but now 
recover a component of the velocity directed toward them 
in the turbulent and presently unpredictable flow which 
results when separation from the cylinder occurs. The 
flow pattern at and below this critical point is probably 
much like the photographs for U/V *s of 1/2 or 1 of Fig. 
17. Stagnation of a component of the velocity in the 
pressure taps below the critical value of U/V is probably 
also the cause of the change in sign of the measured 
pressure difference which occurs for 3 t 300 RB4 and which 
is shown on both Figs. 9 and 12. 

4*5 Discussion of Fig, 13 . Fig. 13 is a plot of cali- 
bration coefficient, K, versus U/V and is included here 
for academic consideration rather than for actual use in 
connection with flowmeter operation. For actual flow- 
meter operation, use of a calibration curve such as Fig. 
11 is recommended. The calibration coefficient 'is de- 

fined as the ratio of the actual mass flow to the theo- 

AP 

retical mass flow for a given value of • Thus, it 

is a ratio of the instantaneous slope of the actual 
curves of Figs. 9, 10, and 11 to the slope of the theo- 
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retical flowmeter equation. 

Below a U/V of 1.6 the values of K are meaning- 
less and in many cases off the scale of this graph due to 
the predominance of viscous effects which bring about 
flow separation as discussed in the previous section. 
Above a U/V of 1.6 the data for various RBls can not be 
said to plot as a single linej however, the general 
shape of the curves for all tho RFMs is similar. At high 
U/V ’s there appears to be more correlation of the data 
for different values of RPM. Above the critical value of 
U/V the calibration coefficient is of the order of 4. 
This means that the pressure difference obtained for a 

given mass flow and RFK is only one fourth of the theo- 

I 

fetically predicted pressure difference. 

This result is in close agreement with data ob- 
tained by Thom ? who measured the circulation produced 
by a rotating cylinder at a U/V of 2. The results of this 
experiment are shown in Fig. 16 in which circulation is 
plotted versus radial distance from the surface of the 
cylinder. Thom found that the actual circulation imparted 
to the fluid at a small distance from the cylinder is 
equal to about .24 of the theoretical value and remains 
constant at this value further from the cylinder. Since 
the circulation ( - 2.7T RU ) appears as a factor in 



the theoretical equation for AP (Eq. 24, Chap. II), 
this would mean an expected reduction in A P to about 
one fourth of the original theoretical value. A value of 
K of about four is then to be expected from consideration 
of Thongs results. 

Examination of Fig. 13 shows an increasing value 
of K at the higher values of U/V. This indicates that 
the actual pressure difference measured by the meter is 
less than the predicted pressure difference by an even 
greater amount than the condition discussed in t v e 
preceding paragraph. This further lowering of AP could 
possibly be due to a tilting of the flow pattern in the 
direction of flow. I, "hen the flow pattern is tilted, the 
meter pressure taps no longer measure the maximum pres- 
sure difference and consequently a higher value of cali- 
bration coefficient will be required. Tilting of the flow 
pattern at high values of D/Y might also result in a 
component of the velocity into the pressure taps as 
previously discussed. 



4.6 Discussion of Fig. 14 . The non-dimensional quan- 



Af=> 



tity — — - is plotted versus U/V in Fig. 14. q is the 

u z - .2. 

free stream dynamic pressure ( v )• Below a U/V 

of 1.6 there is no correlation of data for various RFMs as 
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expected; however, above the critical U/V, all the data 
for various RPMs appears in general to conform to one 

line. The factor - is similar to the lift coefficient 

® * 
used to describe airfoil characteristics. Thom plots 

lift coefficient versus U/V for a rotating cylinder and 

obtains a curve very similar in shape to that of Fig. 14. 

Similar curves are also reported by Goldstein l> ' from data 

of other investigators. The factor U/V is actually a 

ratio of Reynolds Numbers as previously discussed. This 

curve is then not constructed for any specific flow 

Reynolds Number but includes many varied values of this 

parameter. From this curve it nay be concluded that flow 

in the meter is not a function of the flow Reynolds 

Number but is dependent only upon the value of the 

velocity ratio U/V. 



4.7 Discussion of Fig. 15 . To investigate the optimum 
location of the meter pressure taps, secondary taps were 
installed close to the surface of the cylinder at one 
end of the cylinder ( points n C n and n D n of Fig. 1) • 

d/° 

Curves of Mo. versus —jj for these taps were meaning- 
less and are not included in this report. Fig, 15 

zl P 

shows U/V versus — - for these secondary pressure taps. 

N 

The shape of the curves for the various RPMs is seen to 
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vary with U/V as before. Breaks in the curves appear at 
constant values of U/V which is another indication of 
the dependence of the flow upon this parameter. 

4.3 Discussion of Fig. 16 . The difference in static 
pressure ahead of and behind the flowmeter (12 inches in 
each direction) is plotted versus mass rate of flov* in 
Fig. 16 for an RF9J of 14*000. A curve of static pressure 
loss versus mass flow rate for a square edge orifice 
with pipe taps of area equivalent to the flowmeter 
passage area is presented for comparison. Flowmeter static 
pressure los3 is seen to increase rapidly with mass flow; 
however, the magnitude of this pressure loss, even at 
high mass flows, is not exceptionally great, and is 
considerably less than that for the equivalent area 
orifice. 
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V. CONCLUSIONS AND KBCUrl [ENDATIPNS 

5.1 Conclusions . The practicability of a direct read- 
ing fluid flowmeter has been demonstrated and calibration 
curves for various values of RPM have been presented. A 
maximum error of 2"> has been shown to exist in the results 
of three independent runs made for each of two values of 
RPIv. Tho dependence of the flowmeter upon the velocity 
ratio U/V has been discussed and various plots presented 
for substantiation of this discussion. It is concluded, 

therefore, that a flowmeter of this type is capable of 

% 

accurate and convenient measurement of fluid flow within 
the discussed limitations. Due to the critical nature of 
the flow within the meter it would be necessary, however, 
to calibrate each individual meter before practical 
employment. 

5.2 Recommendations For Puture Study . The tests made 
in this investigation were restricted by the limitations 
of the equipment used. In the theoretical derivation it 
has been sho'-u that the mass flow reading is independent 
of the density of the fluid. The wooden construction of 
the flowmeter prevented pressurization and consequent 
density variation; thus, this theoretical property of 



the meter has not been proven experimentally* 

The question of power consumed by the rotation 
of the cylinder is another avenue not completely investi- 
gated. The meter required the total output of the 1/2 
horsepower motor at 14»000 RPM for the maximum rate of 
mass flow studied. Detailed measurements of the torque, 
power required, etc. at various RPM and mass flows were 
not made. 

The problem of head loss attributable to the meter 
has only partially been investigated. Velocity traverses 
ahead and after the flowmeter combined with the static 
pressure readings at these points would probably present 
a more complete aspect of the losses (if any) connected 
with a meter of this type. 

The subject of optimum flowmeter dimensions is 
another possibility worthy of future investigation. In 
the meter studied the ratio of duct height to cylinder 
diameter was two. A greater value of this ratio would 
result in less obstruction to flow and less duct wall 
interference; however, restricting the duct size to 
practical limitations, this would mean a smaller cylin- 
der diameter and require higher values of RPM to maintain 
the proper range of the velocity ratio U/V. 
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There is, then, a broad field of investigation 
ahead for perfection and complete explanation of this 
type of equipment* 
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AP 

■ -a 

/ 

A 

V 

r 

R 

U 



x 

iy 

n 

k 

F 

z 

C 

w 

g 

N 

d 

c 



pressure difference 
air nass flow (lb. /sec.) 
air density 
area 

air stream velocity (ft. /sec.) 

circulation 

cylinder radius 

cylinder tangential speed (ft. /sec.) 

horizontal axis, imaginary plane 

vertical axis, imaginary r»lane 

positive integer 

duct height 

potential function 

comnlex variable 

constant 

stream velocity = dF/da 
gravitational constant 
RH-i (revolutions per minute) 
Reynolds Number 
cylinder diameter 
fluid viscosity 
hydraulic diameter 
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q oynanic pressure {l/2j>V^) lb./ft^ 

K calibration coefficient ( - A^ a 4 — rt i — ) 

Ala. thco 

T temperature (degrees Rankine) 

P pressure 

D 2 orifice diameter 

pipe diameter 
lbm pounds mass 
sec seconds 

primary refers to pressure tap location (sec Fig. 1) 
secondary refers to pressure tap location (see Fig. 1) 






Table : 
Column 



Column 

Column 



Column 
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APPENDIX I 
3A r PL5 CALCULATIONS 

The sannlo calculations v/hich follov; are for Line 1, 

, pages 47 and 43. 

(1) : P>l orifice 

P 1 orifice = P x gauge -h P atm 

P^ gauge from manometer = 0 (not shown in table) 
Pntm " 29.35 in* hg. = 407 in. water 

(2) : AP orifice 

ap orifice from manometer = .91 in. water 

(3) : T 

Stream temperature used in confutation of 
mass f low = 520 R 

(4) : actual 

Mass flow computed from orifice data 

a. From Fig. II-B, Appendix II, read K = .656 
for/3P orifice = .91 in. water 

b. From Fig. II-A, Appendix II, read Y = 1.00 

for^P orifice - .91 
PY oTiffc“e " Wf 



.0022 
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c. Compute M a from: 

Ma = ■ II4-S C?/<Y/Sr AP a a,r,cc * 

where D 2 = orifice diameter - 6.30 in. 

P x I 29.35 in. hg. 

T “ 520 °R 

-4P orifice ” - 91 in- water 

M = (ll4s)(e> ^) 2 (xsc)(/o) /ilM (. ?/) = .68 



Column ( 5 ) : V 

M a = y 7 AV 



Ma. 

V 



- 68 
~(°oi37tf&)(32.S) 



= / < 7. e J& 



A 



flowmeter duct area 



■i± rt* 

/44 



Column (6)t q 

q : —p I/ Z = -L(oo237e)(n rsj 2 = 474 

Column (7): 4 Pflowneter (primary) 

from draft gauge A P - .32 in. water 



Column ( 8 ) N 

N • RPM measured by strobotac - 3290 RFM 



* W.A. Leary, Ref. 15, p« 9 
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Column ( 9 ) s U 
U 



2 URN 

6 0 



2 7 7 O/efaz 9o) _ 

60 



&7.1- 



where R = raditi3 of cylinder = 1/6 ft. 
Column (10): P x 10 4 (orimary) 

IT 



.32 x 10 4 = .974 

ym 



Column ( 11 ) : U/V 

U/V = 57.4 = 2.88 

Column (12): 

q 

A p = .32 in. water - 1.67 lbs/ft 2 



Column ( 13 ) : 



^P = 1.67 = 3.52 



1774 



K 



K = calibration coefficient 
M a actual ='.68 lbm/sec 

a 



Ma, ACj^UAi- 
Ma, THUO 



K, theo. = ( .155) (jp x 10 4 ) = (.155) (.974) 



K - (.68) 

r.T53jr.m' 



r 



= 4.51 



Column (14): p flovmioter (oocondar 3 r ) 



from manometer 21 P = .51 in. water 

Column (15): ^P x 10 4 (secondary) 

IT 

.51 x 10 4 = 1.56 
32^7 



TABLE I 
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Flowueter Data For 3300 RPIn 



20 Inarch 1951 



(1) 


(2) 


(3) 


(4) 


R A0S 


AP 


T 


Mo. 


ORiFIcS 

"H^O 


ORIFICE 

'WzO 


°R 


ACTUAL. 
^ EC 


407 


.91 


520 


.66 


407 


.99 


520 


.71 


407 


1.30 


520 


.62 


407 


2.09 


520 


1.03 


407 


3.97 


520 


1.41 


403 


10.1 


520 


2.22 


403 


12.7 


520 


2.49 


403 


13.9 


520 


2.60 


402 


15.4 


520 


2.71 


401 


17.1 


520 


2.66 


400 


16.6 


520 


2.99 


400 


20.3 


520 


3.10 


399 


24.0 


520 


3.39 


396 


27.9 


523 


3.60 


396 


32.2 


524 


3.66 


397 


36.5 


525 


4.06 


396 


41.2 


525 


4.30 


395 


45.5 


525 


4.46 


393 


51.4 


525 


4.75 


391 


53.5 


529 


4.62 


391 


59.5 


530 


5.05 


390 


63.7 


533 


5.17 


390 


66.5 


534 


5.35 


369 


76.0 


535 


5.56 



Barometer 29. #5 



(5) 


(6) 


(7) 


(8) 


\/ 


gr 


AP 


/V 


FT/ 

ySFC 


cay 3 . 

/FT 


"H±0 


PPM 






PWARV 




20.0 


.47 


.32 


3290 


20.7 


.51 


.32 


3300 


23.9 


.66 


.39 


3240 


30.2 


1.07 


.50 


3260 


41.4 


2.03 


.51 


3290 


65.1 


5.04 


.17 


3350 


73.0 


6.32 


-.04 


3280 


76.3 


6.91 


-.20 


3250 


79.5 


7.52 


-.24 


3325 


63.9 


8.38 


-.39 


3250 


87.6 


9.14 


-.51 


3210 


91.0 


9.67 


-.51 


3280 


99.5 


11.60 


-.31 


3250 


106.8 


13.32 


.12 


3280 


113.3 


15.35 


.59 


3280 


121.0 


17.35 


.80 


3280 


127.2 


19.28 


1.18 


3290 


133.0 


21.0 


1.46 


3315 


140.7 


23.6 


1.53 


3310 


143.9 


24.6 


1.45 


3340 


151.0 


27.1 


1.51 


3340 


156.0 


28.9 


1.40 


3350 


161.2 


30.9 


1.38 


3260 


168.2 


33.7 


1.25 


3330 



T A Bnr I 
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( continued) 



( 9 ) 


( 10 ) 


111 ) 


( 12 ) 


( 13 ) 


( 14 ) 


( 15 ) 


U 




U 


AP 


/C 






F y 

/see 


/V 

pkwahy 


V 


% 


'^o 


A/ 

secoNo/tf.y' 












S£CONt>A£Y 




57 .br 


.97 


2 . 3:3 


3.52 


4.51 


.51 


1.56 


57.6 


.97 


2.79 


3.26 


4.71 


.51 


1.55 


56.5 


1.21 


2.36 


2.97 


4.34 


.63 


1.95 


56.9 


1.54 


1.39 


2.37 


4.32 


1.26 


3 . 36 


57.4 


1.55 


1.39 


1.31 


5.37 


1.26 


3.33 


53.5 


.51 


.90 


.13 


23.1 


1.03 


3.03 


57.2 


-.12 


.73 


-.06 


-134 


.37 


2.65 


56.7 


-.62 


.75 


-.15 


- 27.0 


.79 


2.42 


5 b . 0 


-.72 


.73 


-.17 


- 24.3 


.75 


2.25 


56.7 


- 1.20 


.63 


— . 24 


- 15.4 


.79 


2.42 


56.0 


- 1.59 


• 6 i , 


-.29 


- 12.1 


.75 


9.33 


57.3 


- 1.56 


.63 


-.27 


- 12.3 


.79 


2.60 


56.7 


-.96 


.57 


-.14 


- 22.3 


1.26 


3 . 3 ? 


57.3 


.37 


.54 


.05 


62.3 


2.13 


6.50 


57.3 


1.60 


.51 


.20 


13.3 


2.43 


7.57 


57.3 


2.44 


.47 


.24 


10.3 


2 • 44 


7.45 


57.4 


3.59 


. 45 


.32 


7.32 


2.01 


6.12 


57. 3 


4.47 


.44 


.37 


6.46 


2.01 


6.06 


57.6 


4.62 


.41 


.34 


6.63 


1.69 


5.10 


56.3 


4.35 


. 1 


.31 


7.15 


1.66 


4 . >5 


56.3 


4.52 


. 3 ; 


.29 


7.21 


1.73 


5 . 20 


56.5 


4.13 


.33 


.25 


7.96 


1.70 


5.04 


56.9 


4.23 


.35 


.23 


3.15 


1.73 


5.32 


56.1 


3.76 


.35 


.19 


9.59 


1.66 


4 . ;V 7 


57.6 


3.61 


. 3 ^ 


• lo 


10.15 


1.50 


4.54 


57.3 


3.42 


.32 


.16 


11.00 


1.73 


5 . 23 



TABLE II 



FloY.nietor Data For 4350 RPM 



20 i larch 1951 



U) 


(2) 


(3) 


(4) 


P, ABS 




T 




orif/ce 

"H/ 


ORIFICE 

"HiO 


°R 


^SEC 


405 


.99 


536 


.70 


405 


1.10 


535 


.74 


405 


I.46 


534 


.85 


405 


2.36 


534 


1.08 


405 


3.23 


534 


1.26 


404 


4.80 


533 


1.52 


404 


7.80 


530 


1.95 


401 


12.25 


530 


2.41 


400 


14.30 


530 


2.60 


400 


15.50 


530 


2.70 


400 


17.30 


530 


2.85 


393 


18.35 


530 


2.96 


398 


20.6 


530 


3.10 


397 


22.3 


530 


3.20 


397 


24.1 


530 


3.33 


397 


23.2 


530 


3.59 


396 


32.4 


530 


3.83 


396 


36.7 


530 


4.06 


393 


41.3 


532 


4.31 


393 


45.5 


532 


4.45 


392 


50.9 


533 


4.69 


392 


56.7 


534 


4.91 


390 


67.5 


535 


5.28 


339 


72. 2 


535 


5.67 


333 


90.6 


536 


5.99 



Barometer 29.76 "hg 



(5) 


(6) 


(7) 


(8) 


V 




AP 


A/ 


/y 

/SEC 


LB/ 2, 

/FT 


METE*. 

"HlO 


PPM 






Primary 




21.05 


.53 


.47 


4350 


22.2 


.59 


.48 


4350 


25.2 


.76 


.55 


4350 


32.3 


1.24 


.72 


4350 


37.7 


1.69 


.83 


4370 


45.7 


2.49 


.91 


4350 


58.3 


4.04 


.86 


4350 


72.2 


6.19 


.64 


4350 


77.9 


7.21 


.52 


4350 


80.9 


7.80 


.45 


4330 


85.3 


8.68 


.31 


4230 


88.7 


9.35 


.30 


4330 


92.9 


10.23 


.20 


4350 


95.9 * 


10.95 


.12 


4330 


99.8 


11.90 


.06 


4330 


107.5 


13.8 


.12 


4~70 


114.5 


15.6 


.63 


4340 


121.5 


17.6 


1.21 


4350 


129.5 


20.0 


1.93 


4450 


133.5 


21.2 


2.23 


4350 


141.0 


23.6 


2.77 


4360 


147.5 


25.8 


2.93 


4250 


159.0 


30.1 


3.43 


4400 


171.0 


34.8 


3.73 


4340 


180.5 


38.8 


3.95 


4400 
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TABLE II 
( continued) 



( 9 ) 


( 10 ) 


(ID 


( 12 ) 


( 13 ) 


( 14 ) 


( 15 ) 


U 

%* 


/V 


U 

V 


fr 


/r 


" H,o 






1.08 


3.60 


4.63 




SecoNOARV 




75.8 


4.17 


.75 


1.72 


75.8 


1.11 


3.42 


4.28 


4.27 


.75 


1.72 


75.8 


1.27 


2.97 


3.79 


4.32 


.87 


2.00 


75.8 


1.66 


2.35 


3.02 


4.18 


1.10 


2.53 


76.1 


1.90 


2.02 


2.55 


4.26 


1.30 


2.97 


75.8 


2.09 


1.66 


1.90 


4.69 


1.73 


3.98 


75.8 


1.98 


1.30 


1.11 


6.32 


2.09 


4.81 


75.8 


1.47 


1.05 


.54 


10.55 


1.97 


4.53 


75.8 


1.20 


.97 


.38 


13.95 


1.85 


4.26 


75.5 


1.04 


.93 


.30 


16.7 


1.77 


4.09 


74.5 


.72 


• 8c* 


.19 


25.5 


1.73 


. 4.04 


75.5 


.69 


.85 


.17 


27.6 


1.73 


3.99 


75.8 


• 46 


• 82 


.10 


43.5 


1.73 


3.98 


75.5 


.28 


.79 


.06 


73.7 


1.77 


4.09 


75.5 


.14 


.76 


.03 


153 


1.81 


4.18 


74.4 


.28 


.69 


.05 


82.7 


2.09 


4.90 


75.6 


1.46 


.66 


.21 


16.9 


2.99 


6.90 


75.8 


2.78 


.62 


.35 


9.42 


3.07 


7.07 


77.5 


4.24 


• 60 


.51 


6.55 


3.35 


7.53 


75.8 


5.25 


.57 


.56 


5.47 


2.64 


6.08 


76.0 


6.35 


.54 


.61 


4.77 


2.44 


5.59 


74.1 


7.02 


.50 


.60 


4.51 


2.48 


5.84 


76.7 


7.80 


.48 


.59 


4.37 


2.09 


4.75 


75.6 


8.59 


• 4 


.56 


4.25 


1.97 


4.54 


76.7 


8.97 


.42 


.53 


4.31 


1.54 


3.50 
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TABLE 111 

r’lo-.n ,oter nt.i For 64-00 RP4 



20 j^irch 1951 Barone ter 29.76 "hg 



ID 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


F } ASS 




r 


Met 


\/ 


fr 


ap 


A / 


OKJF/CF 

"H z O 


owf/ce 

" H z o 




actual 

taw / 

/sec 


^/ec 




Af£Tt* 

"H z O 


R.PM 










Px/mary 




404 


.95 


535 


.60 


20.5 


.50 


.74 


6400 


404 


1.33 


533 


.03 


24.0 


.73 


.91 


6400 


404 


2.24 


531 


1.05 


31.5 


1.18 


1.09 


6460 


403 


4.25 


531 


1.44 


43.2 


2.21 


1.36 


6400 


4.03 


6.93 


431 


l . o 3 


54.9 


3.53 


1.73 


6460 


401 


11.65 


530 


2.37 


71.0 


6.02 


2.00 


6400 


401 


14.4 


530 


2 . 62 


70.5 


7.32 


2.04 


6100 


400 


15.5 


530 


2.70 


60.9 


7.30 


2.05 


6400 


399 


17.45 


530 


2.36 


65.7 


3.50 


2.00 


6400 


399 


1.3.9 


530 


2.^/0 


4*8. a 


9.30 


1.97 


6400 


398 


20.5 


530 


3.04 


91.1 


9.37 


1.96 


6400 


39^ 


.-2.5 


530 


3.43 


103 


12.6 


1.91 


6440 


397 


24.1 


530 


3 . 44 


103 


12.6 


1.86 


6400 


397 


25.9 


530 


3 » 45 


104 


12.7 


1.60 


6 Z .00 


396 


20 . 6 


530 


3.61 


103 


13.9 


1.60 


6420 


396 


30.3 


530 


3.71 


111 


14.7 


1.80 


6420 


396 


32.4 


530 


3.03 


115 


15.7 


1.83 


6420 


394 


37.3 


531 


4.00 


122 


r ; .7 


1.99 


6400 


393 


41.3 


531 


4.27 


128 


19.5 


2.44 


6430 


393 


46.1 


532 


4.40 


132 


20.7 


3.30 


6400 


391 


51.3 


533 


4.71 


141 


23.7 


4.08 


6400 


3 90 


62.1 


535 


5.13 


154 


23.2 


4.90 


64OO 


3*9 


74.0 


535 


5.51 


165 


32.5 


5.40 


6400 


383 


6 V 5.1 


535 


5.03 


175 


36.3 


5.95 


64*0 
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TABi.h; in 
( continued ) 



(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


U 

fry 


p&amr y 


U 

V 


AP 

f 


7C 


'/ko 

SGOONDARY 


secoHMfiy 


111.5 


1.16 


5.4' 


7.70 


3.31 


1.38 


2.16 


111.5 


1.42 


4.49 


6.45 


3.75 


1.58 


2.48 


113 


1.69 


3.59 


4.30 


4.02 


1.70 


2.63 


111.5 


2.12 


2.58 


3.20 


4.39 


1.89 


2.96 


112.8 


2.68 


2. u 6 


2.52 


4.40 


2.33 


3.61 


111.5 


3.12 


1.57 


1.73 


4.90 


3.04 


4.76 


111.5 


3.19 


1 . 42 


1.45 


5.30 


4.22 


6 .60 


111.5 


3.21 


1.38 


1.37 


5.42 


4.42 


6.91 


111.5 


3.13 


1.30 


1.27 


5.71 


4.45 


6.97 


111.5 


3.0 d 


1.26 


1.09 


6.20 


4.57 


7.15 


111.5 


3.06 


1.23 


1.03 


6.40 


4.62 


7.22 


112 . 2 


2.97 


1.09 


.79 


7.45 


4.62 


7.13 


111.5 


2.91 


1.08 


.77 


7.62 


4.62 


7.22 


111.5 


2.81 


1.0-3 


.74 


7.91 


4.62 


7.22 


112 


2.80 


1.04 


.67 


3.32 


4.73 


7.36 


112 


2.80 


1.01 


.64 


6.55 


4.77 


7.43 


112 


2.86 


.98 


.61 


3.63 


4.85 


7.56 


111.5 


3.11 


.91 


.50 


6 » 46 


5.20 


3.13 


112.1 


3.79 




.65 


7.26 


5.60 


8.72 


111.5 


5.15 


.35 


.83 


5.51 


5*44 


3.50 


111.5 


6.38 


.79 


.90 


4.77 


3.75 


5.87 


111.5 


7.65 


.73 


.91 


4.33 


3.31 


5.13 


111.5 


8.45 




.37 


4.21 


2.3 4 


4.44 


112.2 


9.22 


.65 


.85 


4.08 


2.44 


3.78 
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TABLE IV 

Flovneter Data For S700 9 PM 



20 March 1951 Baroneter 29.7# 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


F, 'ass 


AP 


T 


M* 


V 




AP 


oftF/ce 

"FzO 


0R./F1CE 

"HzO 


°P 


ACTUAf- 

/sec 


FT/ 

Ssec 




Mere/i. 












FF/MAKY 


404 


.67 


535 


.58 


17.3 


.36 


.87 


404 


1.34 


535 


.82 


24.3 


.70 


1.15 


404 


2.13 


533 


1.02 


30.7 


1.12 


1.51 


404 


3.86 


533 


1.37 


41.1 


2.00 


1.83 


404 


6.30 


531 


1.75 


52.3 


3.24 


2.13 


403 


10.8 


530 


2.27 


68 . 0 


5.49 


2.72 


401 


14.0 


530 


2.58 


77.3 


7.11 


3.15 


400 


15.6 


530 


2.70 


80.9 


7.79 


3.35 


400 


18.8 


530 


2.96 


88.6 


9.34 


3.60 


399 


22.3 


530 


3.21 


96.1 


11.0 


3.80 


397 


26.0 


530 


3.45 


103.5 


12.7 


3.90 


397 


30.3 


530 


3.72 


111.5 


14.8 


L.05 


396 


34.3 


530 


3.94 


118.0 


16.6 


4.13 


395 


38.6 


530 


4.15 


124.4 


18.5 


4.25 


393 


43.3 


531 


4.36 


130.8 


20.3 


4.40 


392 


48.2 


533 


4.57 


137.0 


22.3 


4.75 


390 


53.6 


534 


4.80 


144 


24.6 


5.45 


389 


57.8 


535 


4.95 


149 


26.3 


5.80 


389 


63.7 


535 


5.17 


155 


28.6 


6.35 


389 


69.2 


535 


5.33 


160 


30.4 


6.75 


388 


75.5 


535 


5.52 


165 


32.4 


7.10 


385 


80.7 


535 


5.68 


170 


34.5 


7.35 



"hg 

(6) 

A/ 



8700 

8700 

8750 

8670 

8670 

8700 

8700 

8700 

8740 

8700 

8670 

8730 

8740 

8750 

8710 

8690 

8790 

85°0 

8700 

8730 

8700 



8730 
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TABLE IV 
( continued) 



(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


U 


4?xio+ 


U 


AP 


K 






FT/ 

/3EC. 


77 * 

PRIMARY 


V 


%- 


n /iO 


/V 


151.3 


1.00 


3.73 


12.30 


3.72 


1.66 


1.91 


151.3 


1.32 


6.25 


3.53 


3.97 


2.17 


2.49 


152.5 


1.73 


4.97 


7.00 


3.30 


2.56 


2.93 


151.3 


2.11 


3.63 


4.75 


4.13 


2.64 


3.04 


151.3 


2.46 


2.90 


3.43 


4.53 


2.33 


3.32 


151.3 


3.13 


2.23 


2.53 


4.67 


3.27 


3.75 


151.3 


3.62 


1.96 


2.31 


4.59 


3.66 


4.21 


151.3 


3.35 


1.33 


2.24 


4.52 


3.36 


4.44 


152.4 


4.12 


1.72 


2.00 


4.64 


4.26 


4.33 


151.3 


4.37 


1.53 


1.30 


4.74 


4.31 


5.52 


151.3 


4.50 


1.46 


1.60 


4*94 


5.23 


6.09 


152.4 


4.64 


1.37 


1.43 


5.17 


6.50 


7.44 


152.4 


4.73 


1.29 


1.30 


5.36 


3.00 


9.15 


152.5 


4.36 


1.23 


1.20 


5.50 


7.96 


9.10 


152.0 


5.05 


1.16 


1.13 


5.56 


7.63 


8.30 


151.7 


5.47 


1.11 


1.11 


5.33 


7.10 


3.13 


153.2 


6.22 


1.07 


1.15 


4.93 


5.99 


6,32 


150.0 


6.76 


1.01 


1.15 


4.72 


4.33 


5.63 


151.3 


7.30 


.93 


1.16 


4.57 


4.31 


5.53 


152.4 


7.73 


.95 


1.16 


4.45 


4.53 


5.19 


151.3 


3.17 


.92 


1.14 


4.35 


4.06 


4.66 


152.4 


3. 42 


.90 


1.11 


4.35 


3.55 


4.03 
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TABLE V 



P3.ovr.-;ie ter Data For 10000 RPM 



22 larch 1951 



(1) 


(2) 


(3) 


(4) 


/? AbA 




r 




ok/f/ce 


oz/p/ce 


°R 


ACTUAL 


"H z O 


"H z O 




L&vy 

/UC 


404 


.75 


520 


.62 


404 


1.10 


520 


.75 


404 


1.61 


521 


.95 


404 


3.50 


521 


1.29 


402 


5.60 


522 


1.66 


402 


9.40 


522 


2.14 


401 


11.6 


523 


2.36 


400 


14.6 


523 


2.66 


39^ 


17.6 


524 


2.90 


397 


21.2 


524 


3.15 


397 


23.2 


524 


3.30 


397 


24.9 


525 


3.41 


396 


26.6 


525 


3.52 


396 


26.9 


525 


3.66 


394 


31.0 


526 


3.77 


394 


33.2 


526 


3.67 


394 


35.5 


527 


4.03 


393 


37.7 


527 


4.12 


393 


39.6 


526 


4.20 


391 


42.3 


529 


4.33 


390 


44.5 


529 


4.40 


390 


46.5 


530 


4*52 


369 


49.2 


.530 


4.61 


369 


51.6 


530 


4.71 


369 


56.7 


532 


4.92 


366 


62.2 


533 


5.06 


366 


67.0 


534 


5.27 


365 


73.3 


535 


5.45 


363 


76.4 


536 


5.56 


363 


6i- r .6 


536 


5.77 



Barometer 29.76 M hg 



(5) 


(6) 


(7) 


(6) 


V/ 




AP 


A/ 


FT/ 

/SEC 




METER 

"/Ao 


PPM 






Primary 




16.1 


.39 


.77 


10000 


21.9 


.57 


1.06 


10000 


27.9 


.93 


1.57 


10000 


37.6 


1.70 


2.13 


10000 


46.6 


2.63 


2.37 


10000 


63.0 


4.72 


2.90 


9970 


70.0 


5.63- 


3.25 


10000 


76.2 


7.26 


3.60 


10000 


65.7 


6.72 


4.03 


10000 


93.1 


10.32 


4.50 


10000 


97.5 


11.3 


4.70 


10000 


101 


12.13 


4.94 


10000 


104 


12.65 


5.10 


10000 


106.5 


14.05 


5.30 


10040 


112 


14.92 


5.40 


10000 


115 


15.7 


5.54 


10000 


119.5 


17.2 


5.60 


10000 


122 


17.7 


5.75 


10000 


125 


16.6 


5.65 


10000 


129 


19.6 


5.95 


10000 


131 


20.5 


6.15 


10050 


135 


21.6 


6.30 


10000 


136 


22.6 


6.43 


10000 


141 


23.7 


6.70 


10000 


146 


26.1 


7.10 


10000 


153 


27.6 


7.55 


10000 


159 


30.1 


6.05 


10000 


165 


32.1 


6.40 


10000 


169 


33.6 


6.60 


10000 


174 


36.1 


9.15 


10000 
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table v 
( continued) 



(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


U 




U 




K 


AP 




FT/ 

/ike 


A/ 

PRIMARY 


V 




AJFTFP. 

'^0 


/V 

scconpary 






9.60 






SFCOHDAP.V 




174.5 


.77 


10.28 


5.25 


1.62 


1.62 


174.5 


1.06 


7.92 


9*66 


4.55 


2.08 


2.08 


174.5 


1.57 


6.22 


8.80 


3.91 


2.92 


2.92 


174.5 


2.13 


4.59 


6.52 


3.91 


3.30 


3.30 


174.5 


2.37 


3.56 


4.35 


4.52 


3.34 


3.34 


174 


2.91 


2.76 


3.19 


4.74 


3.65 


3.67 


174.5 


3.23 


2.47 


2.90 


4.72 


3.82 


3.82 


174.5 


3.60 


2.21 


2.58 


4.76 


4.05 


4.05 


174.5 


4.03 


2.02 


2.41 


4.64 


4.41 


4.41 


174.5 


4.50 


1.86 


2.27 


4.51 


4.76 


4.76 


174.5 


4.70 


1.77 


2.16 


4.53 


5.20 


5.20 


174.5 


4.94 


1.71 


2.12 


4.55 


5.2S 


5.28 


174.5 


5.10 


1.66 


2.06 


- 4‘. 45 


5.75 


5.75 


175 


5.28 


1.61 


1.97 • 


4.46 


6.06 


6.04 


174.5 


5.40 


1.55 


1.88 


4.50 


6.37 


6.37 


174.5 


5.54 


1.50 


1.84 


4.51 


6.54 


6.54 


174.5 


5.60 


1.46 


1.70 


4.55 


6.77 


6.77 


174.5 


5.75 


1.43 


1.69 


4.62 


7.05 


7.05 


174.5 


5.65 


1.40 


1.64 


4.63 


7.20 


7.20 


174.5 


5W5 


1.35 


1.57 


4.69 


7.20 


7.20 


175 


6.12 


1.34 


1.56 


4.64 


7.28 


7.25 


174.5 


6,30 


1.29 


1.52 


4.62 


7.60 


7.60 


174.5 


6.43 


1.27 


1.48 


4.62 


7.36 


7.36 


174.5 


6.70 


1.24 


1.47 


4.54 


6.90 


6.90 


174.5 


7.10 


1.18 


1.42 


4.46 


6.54 


6.54 


174.5 


7.55 


1.14 


1.41 


4.34 


6.18 


6.18 


174.5 


8.05 


1.10 


1.39 


4.17 


6.03 


6.03 


174.5 


8.40 


1.06 


1.36 


4.18 


5 . 86 


'5.86 


174.5 


8.80 


1 . 04 


1.35 


4.09 


5.08 


5.08 


174.5 


9.15 


1.00 


1.32 


4.07 


4.73 


4.73 
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TABLE VI 



Flovr,ot-or Data For 12COO RPH 



19 i arch 1951 Barometer 30.57 n hg 



( 1 ) 


( 2 ) 


( 3 ) 


( 4 ) 


( 5 ) 


( 6 ) 


( 7 ) 


( 8 ) 


Fj 4 BS 


/i ^ 


r 




1/ 


8 - 


AP 


A/ 


OR IF/ C £ 

"H^O 


OR/PC£ 

"F z O 


°R 


ACTUAL 

cays 


ft/ 

/SEC 


L 2 

srr 


M£r£R 

Primary 


PPM 


401 


.79 


518 


.63 


18.5 


.41 


.85 


12180 


401 


.87 


520 


.66 


19.4 


.45 

.58 


.91 


12060 


401 


1.22 


522 


.76 


22.1 


1.19 

1 


12040 


401 


2. 01 


522 


1.00 


29.3 


1.02 


1.82 


12050 


400 


3.78 


522 


1.37 


40.2 


1.93 


2.66 


12060 


400 


10.45 


522 


2.26 


66.3 


5.24 


3.50 


12060 


399 


12,60 


522 


2.46 


• 72.1 


6.18 


3.82 


12070 


397 


14.30 


522 


2.62 


76.8 


7.02 


4.05 


12000 


397 


15.6 


522 


2.76 ' 


80.9 


7.75 


4.32 


12100 


4 OB 


16.85 


522 


2.88 


84.5 


8.47 


4.50 


12040 


408 


19.80 


523 


3.10 


90.9 


9.81 


4.86 


12050 


412 


23.80 


524 


3.40 


100.5 


12.25 


5.45 


12050 


413 


28.0 


524 


3.67 


108.5 


14.02 


6.00 


12000 


420 


32.8 


525 


3.99 

4.08 


118 


16.53 


6.75 


12000 


420 


37.9 


527 


121.5 


17.6 


7.45 


12070 


420 


42.9 


528 


4.53 


135 


21.7 


8.07 


12100 


419 


47.3 


528 


4.72 


141 

148 


23.6 


8.60 


12050 


41 S 


53.0 


529 


4.97 


26.1 


9.30 


12100 


413 


58.4 


530 


5.18 


154 


28.2 


9.95 


12100 


417 


64.2 


530 


5.40 


161 


30.8 


10.48 


12040 


417 


70 . C 


532 


5.58 


167 


33.1 


11.15 


12040 


418 


76.0 


535 


5.80 


175 


36.4 


11.75 


12050 


413 


83.0 


535 


6.02 


182 


39.4 


12.50 


12050 


41 9 


89.0 


535 


6.23 


188 


42.2 


12.90 


12040 



TABLE VI 



58 . 



(continued) 



(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


U 

FT/ 

''sec. 


/V 


U 

V 


fr 


K 


vtereK 

secoHMRV 


N 

sece>nt>Q*Y 


212.5 


.70 


11.50 


10.35 


5.33 


1.35 


1.52 


210.5 


.76 


10.35 


10.55 


5.65 


1.93 


1.60 


216 


.93 


9.50 


10.62 


4.93 


2.40 


1.99 


210 


1.51 


7.13 


9.25 


4.27 


3.42 


2.34 


210.5 


2.21 


5.24 


7.13 


4.00 


4.60 


3.31 


210.5 


2.91 


3.13 


3.47 


5.01 


4.60 


3.81 


210.5 


3.17 


2.92 


3.21 


5.01 


4.80 


3.93 


209.5 


3.33 


2.73 


3.00 


5.00 


4.92 


4.10 


211 


3.57 


2.61 


2.39 


4.93 


5.00 


4.13 


210 


3.74 


2.49 


2.76 


4.97 


4.96 


4.12 


210 


4.03 


2.31 


2.53 


4.97 


5.31 


4.40 


210 


4.52 


2.09 


2.31 


4.36 


5.59 


4.64 


209.5 


5.00 


1.93 


2 % 22 


4.73 


5.93 


4.99 


209.5 


5.62 


1.77 


2^12 


4.53 


6.38 


5.32 


210.5 


6.13 


1.73 


2.20 


4.26 


7.00 


5.31 


211 


6.67 


1.56 


1.94 


4.37 


7.55 


6.24 


210 


7.13 


1.50 


1.90 


4.27 


3.26 


6.35 


211 


7.69 


1.43 


1.35 


4.17 


8.77 


7.25 


211 


3.23 


1.37 


1.30 


4.06 


9.32 


7.70 


210 


3.70 


1.31 


1.77 


4.00 


9.68 


3.03 


210 


9.25 


1.26 


1.75 


3.39 


10.30 


3.55 


210 


9.75 


1.20 


1.63 


3.34 


10.00 


3.30 


210 


10.33 


1.16 


1.65 


3.74 


9.93 


8.25 


210 


10.70 


1.12 


1.59 


3.75 


9.55 


7.92 
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TABLE VII 



Flowmeter Data For 12000 RPM 



22 March 1951 Barometer 29. 78 "hft 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


/? A 8S 


J P 


7~ 


Ala. 




/V 




OR<F/ce 


oz/F/ce 




Acri/A t. 




RPM 


/V 


'WzO 


y/zo 




i.8/^ 


"tizO 

f-ZMAKV 




t°<e/MARY 


4 05 


.91 


534 


.68 


.97 


12020 


.81 


405 


1.26 


534 


.79 


1.28 


12000 


1.07 


404 


2.00 


534 


.97 


1.91 


12000 


1.59 


404 


3.86 


534 


1.37 


2.75 


12030 


2.29 


404 


5.60 


533 


1.65 


3.07 


12000 


2.56 


403 


9.55 


532 


2.14 


3.50 


12000 


2.92 


402 


13.6 


531 


2.54 


4.10 


12000 


3.42 . 


400 


16.3 


531 


2.81 


4.47 


12000 


3.72 


396 


19.6 


530 


3.02 


4.85 


12000 


4.04 


397 


23.2 


530 


3.27 


5.33 


12000 


4.44 


396 


26.9 


530 


3.49 


5.83 


12000 


4.87 


394 


31.0 


531 


3.74 


6.40 


12000 


5.33 


394 


35.2 


532 


3.98 


6.90 


12000 


5.75 


393 


39.5 


532 


4.17 


7.45 


12000 


6.21 


392 


44. 5 


532 


4.42 


8.00 


12000 


6.67 


390 


48.2 


533 


4.55 


8.50 


12000 


7.08 


369 


54.5 


533 


4.80 


9.00 


12000 


7.50 


368 


58.8 


534 


4.97 


9.45 


12000 


7.87 


386 


64.8 


535 


5.18 


9.90 


12000 


8.25 


385 


70.0 


536 


5.32 


10.33 


12000 


8.62 


385 


76.5 


537 


5.53 


10.80 


12000 


9.00 


382 


81.5 


538 


5.68 


11.15 


12000 


9.30 


382 


86.5 


540 


5.78 


11.60 


12000 


9.67 



60 . 



T \'ME VIII 





Flowneter 


Data For 


12000 


RPh 




15 


arch 1951 






Barometer 29. 


67 "hg 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


f?ABS 


ZJ P 


7~ 


Aia. 




AJ 


77 k/ °* 


OKtF<C£ 


o«(f<C€ 


X 


ACTUAL. 


were* 


PPM 


/V 


“HzO 


"// z O 




cay 






PR/WAXV 








'sec 








332 


.75 


524 


.60 


.71 


12000 


.59 


332 


.03 


524 


.63 


.77 


12100 


*64 


332 


' 1.06 


523 


.71 


1.01 


12070 


.35 


332 


1.77 


522 


.02 


1.61 


12030 


1.34 


332 


3 . 46 


522 


1.23 


2.45 


12010 


2.04 


331 


3.-3 


522 


1.99 


3.19 


12100 


2.64 


330 


11.4 


COO 


2.23 


3.52 


12050 


2.92 


373 


13.3 


522 


2.50 


3.36 


12030 


3.20 


377 


17.1 


522 


2.77 


4.25 


12050 


3.53 


377 


20.1 


522 


3.00 


4.60 


12010 


3.33 


375 


23 . 5 


522 


3.22 


5.06 


12100 


4.19 


373 


27.4 


52/+ 


3.46 


5.53 


12020 


4.60 


373 


31.3 


524 


3.67 


6.00 


12020 


4.93 


372 


35.6 


525 


3.90 


6.50 


12040 


5.39 


371 


39.6 


526 


4.10 


7.00 


12050 


5.30 


370 


44.0 


523 


.26 


7.33 


12070 


6.12 


363 


43.3 


523 


4.46 


7.73 


12100 


6.44 


367 


53.0 


530 


4.63 


7.96 


12000 


6.63 


366 


53.9 


530 


4.33 


3.54 


12190 


7.00 


366 


43.2 


531 


4.93 


3.65 


12100 


7.15 


364 


63.5 


533 


5.13 


3.93 


12000 


7.45 


363 


74.5 


535 


5.37 


9.26 


12100 


7.66 


362 


79.3 


535 


5.53 


9.55 


12000 


7.96 


360 


36.0 


537 


5.55 


9.33 


12100 


3.16 


359 


90.0 


5 ■ 0 


5.6? 


10.13 


12000 


3.46 


353 


95.3 


542 


5.79 


10.50 


12060 


3.71 


353 


100.0 


543 


5.33 


10.60 


12060 


3.32 


356 


105.5 


546 


5.99 


10.90 


12090 


9.02 


355 


110.0 


550 


6.07 


10.90 


12040 


9.04 


354 


114.5 


552 


6.13 


11.25 


12150 


9.26 


354 


120.0 


555 


6.25 


11.05 


12000 


9 . 22 


350 


123.0 


542 


6.32 


11.35 


12050 


9.42 


349 


123.0 


535 


6.44 


.1.65 


12050 


0.83 



TABLE XX 

Flowmeter Data For 14000 RH> 



22 March 1951 


* 




( 1 ) 


(?-) 


( 3 ) 


( 4 ) 


P , ABS 


«d p 


7" 


Ma^ 


ofi/Ftce 


oK/nce 


7? 


ACTUAL 


" H z O 


“ P z O 




LB MS 

/fee 


405 


.37 


539 


.66 


4 05 


1. 26 


533 


.79 


404 


1.97 


536 


.93 


404 


3.73 


535 


1.36 


403 


5.95 


535 


1.69 


403 


10.1 


534 


2.20 


400 


13.7 


534 


2.43 


393 


16.3 


533 


2.76 


393 


19.4 


533 


3.00 


397 


22.9 


534 


3.24 


396 


26.3 


534 


3.43 


394 


30.3 


534 


3.71 


393 


34.7 


534 


3.93 


391 


39.4 


534 


4.17 


390 


44.5 


535 


4.40 


339 


49.2 


535 


4.53 


339 


53.6 


536 


4.73 


333 


53.3 


537 


4.97 


336 


64.2 


537 


5.15 


335 


70.1 


533 


5.32 


334 


75.5 


539 


5.50 


3 32 


30.3 


541 


5.60 


332 


35.3 


542 


5.76 



Barometer 29.73 " hg 



( 5 ) 


( 6 ) 


( 7 ) 


( 3 ) 


1 / 


% 


AP 


A/ 


Fi y 


*- B / 2. 

/PT 


MSTeR 

"HiO 


PPM 






P*/MAftr 




19.9 


.47 


1.03 


14000 


24.0 


.63 


1.37 


14040 


29.6 


1.04 


1.99 


14000 


41.2 


2.02 


3.23 


14000 


51.1 


3.09 


3.33 


14000 


66.2 


5.21 


4.30 


14000 


74.6 


6.62 


4.63 


14000 


33.0 


3.20 


5.10 


14000 


90.2 


9.63 


5.55 


14000 


97.5 


11.3 


5.93 


14000 


104.3 


13.1 


6.50 


14000 


111.7 


14.3 


7.00 


14000 


113.4 


16.7 


7.50 


14000 


125.5 


13.7 


3.13 


14000 


133.0 


20.9 


3.70 


14000 


133.5 


22.3 


9.40 


14000 


144.5 


24.9 


9.90 


14000 


151.0 


27.1 


10.53 


14000 


156.5 


29.2 


11.10 


14000 


161.5 


30.9 


11.70 


14000 


167.0 


33.2 


12.25 


14000 


171.3 


35.0 


12.90 


14000 


176.2 


36.9 


13.50 


14000 



62 . 



TABLE IX 



( continued) 



(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


C / 

Fry 

ssec. 


4 r x/ °* 

N 

PZiM*. Y 


U 

V 


AP 

<& 


/c 


”H*0 . 


/V * 

sect>N0tyi v 


244 


.77 


12.25 


11.32 


5.50 


2.21 


1.53 


245 


.93 


10.22 


10.45 


5.13 


2.37 


2.05 


244 


1.42 


3.25 


9.95 


4.46 


3.74 


2.67 


244 


2.30 


5.93 


3.31 


3.32 


5.79 


4.13 


244 


2.73 


4.73 


6.45 


3.99 


6.10 


4.35 


244 


3.07 


3.69 


4.29 


4.42 


6.03 


4.30 


244 


3.35 


3.27 


3.63 


4.73 


5.93 


4.27 


244 


3.64 


2.94 


3.24 


4.39 


6.10 


4.35 


244 


3.96 


2.71 


3.10 


4.39 


6.22 


4.44 


244 


4.27 


2.50 


2.74 


4.39 


6.50 


4.64 


244 


4.64 


2.33 


2.53 


4.34 


6.62 


4.72 


244 


5.00 


2.19 


2.46 


4.7 ' 


7.01 


. 5.00 


244 


5.35 


2.06 


2.34 


4.74 


7.21 


5.15 


244 


5.30 


1.95 


2.26 


4.64 


7.60 


5.43 


244 


6.20 


1 . 64 


2.16 


4.53 


7.30 


5.57 


244 


6.72 


1.76 


2.14 


4.40 


3.35 


5.96 


244 


7.07 


1.69 


2.06 


4.37 


3.90 


6.35 


244 


7.55 


1.62 


2.03 


4.25 


9.34 


6.66 


244 


7.93 


1.56 


1.93 


4.19 


10.12 


7.21 


244 


3.35 


1.51 


1.97 


4.11 


10.35 


7.40 


244 


3.75 


1.46 


1.92 


4.06 


10.90 


7.73 


244 


9.22 


1.42 


1.92 


3.92 


11.15 


7.97 


244 


9.65 


1.39 


1.90 


3.35 


11.53 


3.26 



63 . 



TABLE X 



Flowmeter Data For 14000 RPM 



8 March 1951 Barometer 29.7 8 "hg 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


f? A 8S 


<4 P 


r 


Ma. 




/V 


QrX/o 4 


OR! Ft CP 

"/ko 


op/r/ce 

"HiP 




ACrott- 

L&V/ 


Mere* 

"tLO 

PR/ WRY 


PPM 


AT 

PP/&)APY 


381 


11.95 


518 


2.35 


4.43 


13800 


3.21 


381 


14.70 - 


518 


2.43 


4.80 


13800 


3.48 


381 


17.80 


520 


2.84 


5.35 


14240 


3.76 


379 


21.00 


520 


3.03 


5.85 


14100 


4.15 


378 


24.30 


521 


3.29 


6.20 


14100 


4.39 


376 


28.90 


524 


3.56 


6.75 


14000 


4.82 


375 


33.00 


524 


3.78 


7.30 


14000 


5.21 


372 


36.00 


530 


3.90 


7.75 


14150 


5.48 


372 


41.80 


530 


4*18 


8.46 


14100 


6.00 


371 


44.90 


530 


4.31 


8.94 


14050 


6.36 


370 


50.80 


531 


4.55 


9.52 


13950 


6.82 


368 


56.40 


533 


4.58 


10.15 


14000 


7.24 


367 


60.90 


533 


4.92 


10.70 


14000 


7.65 


366 


66.00 


5' ; -4 


5.05 


11.30 


14000 


8.08 


365 


72.00 


535 


5.28 


11.88 


13950 


8.50 


364 


77.10 


535 


5.40 


12.68 


14180 


8.94 


362 


81.90 


537 


5.50 


13.14 


14180 


9.29 


360 


88.00 


540 


5.65 


13.78 


14120 


9.74 


359 


93.50 


541 


5.78 


14.10 


14120 


9.98 






64 . 



TABLE XI 





FlovR.iot.er 


Data For 


r- 

O 

O 

O 


RF’fl 




13 


arcb 1951 






Barometer 30.26 "hg 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


ff 4BS 


AP 


7" 


Ada. 


^ P 


A/ 




O^/r/ce 


oe/Ffce 




ACTOAL 


rierEZ. 


PPP) 


/V 


"UzO 


"A to 




lb*t/ 


"UzO 












/<ss c 


PRIMAR. Y 






385 


• 63 


520 


.55 


.92 


14130 


.65 


336 


.71 


520 


.59 


.96 


14130 


.63 


386 


.93 


520 


.69 


1.18 


14150 


.83 


385 


1.65 


520 


.89 


1.69 


14250 


1.19 


335 


3.19 


521 


1.23 


2.84 


14340 


1.98 


38; 


3.40 


521 


1.99 


4.10 


14150 


2.90 


383 


11.3 


521 


2.29 


4.23 


14050 


3.05 


381 


14.3 


521 


2.55 


4.70 


14300 


3.29 


381 


17.5 


521 


2.31 


5.15 


14100 


3.65 


330 


20.5 


521 


3.04 


5.55 


14130 


3.92 


379 


23.9 


522 


3.26 


5.95 


14130 


4.20 


373 


27.3 


522 


3.51 


6.40 


14000 


4.57 


373 


31.9 


524 


3.74 


7.00 


1M50 


4.95 


376 


31.9 


525 


3.7* 


6.95 


14250 


4.33 


375 


36.5 


527 


3.96 


7.50 


14130 


5.30 


375 


36.4 


527 


3.96 


7.50 


14130 


5.30 


374 


39.6 


528 


4.10 


8.00 


14130 


5.65 


373 


45.0 


530 


4.33 


8.60 


14160 


6.08 


371 


49.2 


530 


4.48 


9.08 


14050 


6 . 46 


371 


54.3 


531 


4.72 


9.65 


14080 


6.36 


371 


54.3 


531 


4.70 


9.65 


14130 


6.32 


363 


58.3 


534 


4.71 


10.00 


14000 


7.15 


367 


6^4. . 2 


535 


5.02 


10.75 


14430 


7.45 


367 


69.1 


536 


5.21 


11.08 


li 180 


7.31 


366 


73.7 


543 


5.26 


11.50 


14240 


8.03 
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TABLE XII 



Static Pressure Los 3 For 14000 RPM 



27 February 1951 Barometer 29.65 "hg 



(1) 


(2) 


(3) 


(4) 


(5) 


/f A BS 


AP 


7 ” 






ox/r/ce 
'74 <2 


orjr/QE 

7 40 


** 


ACTUAL 

easy 

/sec 


"# z O 


364 


.71 


505 


.59 


.32 


364 


1.18 


505 


.77 


.32 


364 


1.18 


505 


.77 


.39 


365 


1.26 


505 


.79 


.39 


365 


1.62 


505 


.90 


.39 


365 


2.64 


505 


1.14 


.47 


365 


4.77 


505 


1.53 


.63 


365 


11.81 


510 


2.37 


.99 


364 


17.95 


520 


2.88 


1.81 


379 


20.2 


520 


2.91 


2.40 


379 


22.9 


520 


3.21 


2.48 


376 


24.0 


520 


3.27 


2.68 


377 


24.6 


522 


3.30 


2.99 


377 


24.5 


523 


3.42 


2.99 


377 


28.1 


523 


3.51 


3.15 


376 


29.6 


525 


3.59 


3.43 


376 


32.5 


525 


3.75 


3.54 


375 


33.5 


526 


3.80 


3.96 


374 


35.4 


526 


3.69 


3.96 


374 
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APPENDIX II 



ORIFICE DATA 



Actual mass rate of flo” for use as a standard by 
•which to judge the flovneter is computed from the follow- 
ing eouation: * 



vrhero K a = mass rate of flov;, lbm/sec 

r> 2 = orifice diameter = 6.30 inches 

K = flov; coefficient, dimensionless 

Y = expansion factor, dimensionless 

P^= static pressure before orifice, in. hg. abs. 

T - temperature before orifice, ° R 
/ip orifice = pressure drop across orifice, in. water 

P^, T, and^P orifice are measured quantities 
recorded for each run at each mass flo*; increment. 

Y, the expansion factor, is determined from Fig. 
II-A which is a nlot of the relation # 




(II-l) 




* Leary, Ref. 15, p. 9, Eq.fJ. 

# Leary, Ref. 15, p. 5, Eq.4. 
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which, with constant diameter ratio, — , and constant 

L 7 

ratio of specific heats, k, becomes a linear function of 

APo^I r/<2 £. ZS Po+i/r/C B 

— • Therefore, with a value of -5 com- 

n " 

puted from measured quantities, T may be read from Fig. 
II-A. 



K, the flow coefficient, has been experimentally 
determined by the ASKE for this type of orifice and ha3 
been plotted versus Reynolds Number for specific values 
of * • Use of a plot such as this would require a 

trial and error computation of K since the mass flow 

cannot be found until K i 3 known and X cannot be found 

until the Reynolds Number, which is a function of mass 

flow, is known. 

To eliminate the necessity for a trial and error 
solution for K, two assumptions have been made: 

(a) assumed constant s 29.9 in. hg. - 407 in 

water 

(b) T assumed constant - 530 °R 

With these assumptions Y becomes a function of 
kiP 0 rifice only and equation (II-2) becomes 

Y - / — , 00Q79& APoki fic£ (H-3) 



* Ref. 25, Fig. 34f 



Substituting this relation for T into equation (II-l) 
we obtain 



Ma. = (JMS) (6. 3) 2 M0 ~ . OOO Poti/Hce) - 



which reduces to 

— /. 08/C^/~. OO 07 <7 & APoz,r,c^jAp7k /r/ce ’ 



(11-4) 



The Reynolds Number based on the orifice diameter 
is given by * 




/S.28 /Ho, 

D z < <x ' 



(11-5) 



Substituting equation (II-4) and taking , the vis- 
cosity - .000012 lb/ft-sec, the expression for Reynolds 
Number becomes 



R e ~(k. /6 x / 0 s ) /((/-. 000798 APoRtnc^jAP&Kince 



( II— 6) 



For a direct method of finding K, a curve of K 
versus AP 0 rifice would be desirable. Therefore, we pro- 
ceed as follows: 

(a) For an assumed value of ^P C rifice» assuine a 
K and compute R 0 from equation II-6. 

(b) Read K for computed R e from Fig. 34f of Ref. 



* Leary, Ref. 15, p. 12, Eq. 10b 
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25 and use as new assuraed K for repeat of 
step (a). 

(c) Plot K versus ^ p 0 rifice Tor various assumed 
values of ^ ^orifice* This plot will be a 
direct means for determining K, the flow 
coefficient. 

Figure II-B is the result of the above procedure. 
Te3t calculations using Fig. 34f of Ref. 25 exclusively 
show that, for the range of pressures and temperatures 
Investigated, there is negligible error introduced by 
assuming a constant and T for the purpose of deter- 
mining K. 

With Y and K thus determined from Figs. II-A and 
II-B, actual mass rate of flo w is computed from equation 
(II-l). 
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Fig. 2a Uniform Potential Flow Around 
A Circular Cylinder 



Fig. 2b Potential Vortex Flow 
With Cylinder As Core 




Fig. 2c Superposition Of Titfo 
Preceding Flows 
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CUT AWAY W £W OF FLOWA/fSTEF 
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FLOWMETER. TEST EQU/PMENT 

P/G 7 
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From L. Pruntltl and O. Tietjens, Hydro- mid A iromtchnn ik, 2 (Springer, Merlin) 



V-CrL TANG. SPEED 




b 

From L. Praiultl and O. Tietjens, Hydro- unt! Avrontrchanik , 2 (Springer, Berlin) 



F/& // 



PLATE 18 
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